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Glycans, a family of compounds often attached to proteins and ceramides, are diverse
molecules involved in a wide range of biological functions. Their structural analysis is
necessary and is often carried out at the microscale level. Methods based on mass spectrometry
are therefore used, although they do not provide information regarding isomeric structures
often found in glycan structures. If one finds “factors” characteristic of a certain isomer, this
information can be used to elucidate an unknown oligosaccharide sequence. One potential
technique is to use energy-resolved mass spectrometry (ERMS) that has been used to
distinguish a pair of isomeric compounds. Thus, compounds in a combinatorial library might
be effectively used for this purpose. We analyzed a set of 16 isomeric disaccharides, the
structures of which consisted of all possible combinations of anomeric configurations and
interglycosidic linkage positions. All of the compounds were distinguished based on ERMS
where normal collision-induced dissociation could distinguish only seven compounds. Fur-
thermore, it was shown that -glycosidic linkages of fucose were more reactive than the
-isomers and the secondary glycosides were more reactive than the primary
glycosides. (J Am Soc Mass Spectrom 2007, 18, 1873–1879) © 2007 American Society for Mass
SpectrometryMost oligosaccharides exist as a part of glyco-proteins, proteoglycans, and glycolipids, andare involved in a wide range of important
biological functions [1]. The structural characteristics of
oligosaccharides are quite different from those of other
biopolymers such as nucleic acids and peptides. The
diversity is generated from sequential combination in
the latter two types of polymers, whereas anomers, ring
size, linkage position, branching, and sequence are
factors in the case of oligosaccharides [2]. Furthermore,
the regulatory mechanisms for oligosaccharides still
need to be clarified and synthesis, which is not template
dependent, thus creates further molecular diversity
called glycoforms. Despite the difficulties encountered in
structural determination, there are reports on how
glycosylation as a type of posttranslational modification
(PTM) of protein affects glycoprotein secretion [3, 4].
The involvement of PTM in cellular polarity has also
been reported [5, 6]. Changes in composition of glyco-
sphingolipids associated with development and differ-
entiation are well recognized [8].
Considering the need for analyzing minute amounts
of glycoconjugates obtained from biological samples
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doi:10.1016/j.jasms.2007.07.021and the existence of glycoforms, it is believed that the
use of mass spectrometry-based analytical methods in
the analysis of glycoconjugates is a logical consequence
[8]. Structural analysis based on collision-induced dis-
sociation (CID) is a very powerful technique in this
regard [9], although it is not capable of elucidating
isomeric compounds that are often found for oligosac-
charides in general [10]. Despite this problem, it has
been shown that there are spectral differences among
isomeric compounds. In most cases, there are differ-
ences in signal intensities, whereas in others, different
fragment ions can be found. Accumulation of the spec-
tral data in a database facilitates identification of oligo-
saccharides based on spectral matching [11–17]. An
important problem—the elucidation of totally un-
known structures that are not present in any database—
will still remain after the introduction of this efficient
methodology. In such a case, a general method for
elucidating anomeric configurations and linkage posi-
tions is needed. Thus, a trend of research has emerged
that addresses distinguishing and possibly finding the
characteristics from a series of closely related oligosac-
charides [11, 18, 19]. In 1988 a pioneering investigation
was reported to address the energy dependence of
linkage isomers based on collision-activated dissocia-
tion (CAD), where it was found that the lability of
glycosidic bonds reflects the freedom of rotation of
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[20]. Energy dependence of a pair of anomers was also
addressed [21]. A series of reports suggested that the
correlation of dissociation energy and the steric hin-
drance of a glycosidic linkage to be cleaved was shown
to be applicable in real-world examples as well [22, 23].
On the other hand, an interesting approach to extract
information contained in disaccharide structures was
reported to analyze the relationship between the struc-
tures and mass spectral data based on multivariate
analysis [24, 25]. However, the problem there was
considered to be a lack of sufficient source materials.
Our rationale was to determine the missing link be-
tween the above-cited approaches.
We have been attempting the extraction of an iso-
meric structure-oriented “parameter,” based on energy-
resolved mass spectrometry (ERMS), and have reported
that isomeric homooligomers and a series of synthetic
compounds can be discriminated [26, 27]. Here in this
report, we describe the results of ERMS analysis of a
small combinatorial library [28, 29], consisting of a
complete combination of compounds with a fucosyl
galactose sequence and an important finding regarding
anomeric structures.
Experimental
Materials
We synthesized all disaccharides used in the experi-
ments [28, 29]. Synthesis was performed on a small
scale where stereoselectivity was not controlled to ob-
tain all anomers in one sequence of reactions. In this
experiment, the octyl glycosides were used because
they facilitate rapid isolation based on reverse-phase
solid-phase extraction. Thus, the mixtures of com-
pounds obtained were finally isolated using reverse-
phase HPLC to attain pure individual compounds.
Synthetic details and assignment of the compounds
were previously reported [29].
Instrumentation and Data Collection
Samples of disaccharides were analyzed using a quad-
rupole ion trap mass spectrometer (QIT-MS) coupled
with an electrospray interface (Bruker Esquire 3000,
Bruker Daltonics GmbH, Bremen, Germany). Samples
dissolved in MeOH (0.01–0.1 mol/ml) were intro-
duced into the ion source by infusion (flow rate, 120
l/h). The parameters for the analysis were: (1) “dry
temperature”: 250°C, (2) nebulizer gas (N2): 10 psi, (3)
dry gas (N2): 4.0 L/min, (4) “Smart frag.”: off, (5) Scan
range m/z 50–750, (6) Compound stability: 300%, (7)
ICC target: 5000, (8) maximum acquisition time: 200 ms,
(9) average: 10 spectra, and (10) “cutoff”: 27.6% (m/z
127.0) of m/z 461.2.
In our MSn experiments, the end cap rf amplitude
was raised by 0.02-V increments until the precursor ion
could no longer be detected (plateau at 0.9% of total
ion current). Only the end cap rf amplitude was con-trolled during the CID experiment. The He pressure
was 4.86  106 mbar and the CID time was 40 ms.
Averages of m  4 spectra were used for CID experi-
ments (m  13–21, where m is the number of spectra
obtained during the experiment); the first and the last
two datasets, which are associated with a transient
period to steady state, in a radio frequency (rf) ampli-
tude step were not used to avoid any inaccuracy.
Isotopic peaks with [Ii1] and [Ii2], where In indi-
cates a fragment ion, were included in the calculations
(also see Data Manipulation). For the isolation of a
product ion, m/z  2 (w  2) were isolated and
subjected to the CID experiments to include isotopes.
Standard MS/MS spectra are the extracts of these ERMS
at a designated amplitude.
Data Manipulation
To obtain graphs of the ERMS, the following equations
were used. When an ion “IP” produces a series of
product ions—I1, I2, I3 , . . . , Ii—the relative ion currents
for individual ions were defined by
relC
CIi
CIP
i1
n
CIi
 100 (1)
where relC indicates the ion current of a given ion
among observed ions in percentage, CI
i
is the observed
ion current in focus, and CI
P
is the ion current of a
precursor ion. The calculations were performed using a
program we developed with Excel (Excel 2000; Mi-
crosoft, Redlands, WA, USA), which was based on
DSUM function and programmed to choose a range of
isotopes (w) to be taken into consideration (w  2 in the
experiments).
Sigmoidal Curve Fittings
A set of MSn data obtained at various rf amplitudes
(end cap) on a mass spectrometer was analyzed using
Excel where sets of peaks having certain m/z values
were treated as a series of data. The relative intensities
over total ion current for the individual signals were
obtained at each amplitude (Eq 1). The data were
analyzed using Prism 4 software (GraphPad Software,
San Diego, CA, USA). Individual data were fitted using
the Boltzmann sigmoidal function with nonlinear re-
gression analysis [Eq 2 (growth) and Eq 3 (decay)].
y
a
1 e[(bx)⁄c]
(2)
y
a
1 e[(bx)⁄c]
(3)
where the parameters a, b, and c, which indicate a
maximum response, half value of the maximum re-
of dis
nly t
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for each curve.
In the series of data used in this report, the sigmoidal
curves and the parameters were obtained by plotting
regression curves by treating all the data obtained from
the Excel program and plotting the regression curves.
Results and Discussion
CID Analysis of All Compounds
CID is very useful for extracting detailed structural
information of a molecule in focus. The analysis is
carried out at a certain CID energy, which is usually
controlled by applying a certain voltage to end-cap
electrodes, and results in a spectrum of fragment ions
formed from a precursor ion [9]. Elucidation of molec-
ular structure is carried out by analogy by solving a
jigsaw puzzle and connecting fragments together. In
such a case, information defined by an m/z value is
used; thus analysis of a particular precursor ion does
not provide any information regarding isomeric struc-
tures. On the other hand, isomeric structures can often
be distinguished when a pair of stereoisomers or link-
age isomers is available. A series of naturally occurring
oligosaccharides is not considered to contain sufficient
Figure 1. The fragmentation pattern of a series
structures of 1¡6 linked isomers were found o
indicated by the level of gray.information to extract any generalities regarding ano-meric configurations and linkage positions. In this re-
gard, a series of compounds (16 isomers) that we have
synthesized, consisting of all possible isomeric struc-
tures with a Fuc-Gal sequence, is considered to be a
good candidate as the information source [28, 29]. We
first analyzed these compounds by standard CID to see
whether these closely related structures are distinguish-
able from one another.
All compounds were found as sodium adducts and
were analyzed under CID conditions in which the
precursor ions were completely attenuated. The result-
ing MS/MS spectra are shown in Figure 1 together with
the fragmentation pattern. The relative labilities of
fucosyl and galactosyl linkages are different, judging by
the spectra, and the lability is greater for the cleavage of
fucosyl glycosides. This is a commonly found phenom-
enon in low-energy CID analysis of oligosaccharides
[30]. Thus, half of the compounds afforded Y1 frag-
ments associated with B1/Y1 cleavages only. It is obvi-
ous that such spectra do not provide any further
information. On the other hand, all the compounds that
afforded multiple fragment ions can be easily distin-
guished. Some of the characteristic features can be
found as follows. In 2, ions associated with glycosyl
cleavages for both Fuc and Gal were observed but no
accharides and the MS2 spectra show where the
o describe the pattern. The peak intensities areother ions were detected. For the spectra of 3 and
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Gal-cleavages. It is interesting that B1 ion was observed
only for the -Fuc compound (3), even though the
difference between these two (3 and 3) is the
anomeric configurations of the Fuc unit only. This result
is puzzling because both of the product ions, B1 and Y1
ions, share a similar structure; however, this may sug-
gest that Fuc-Gal had more affinity with Na com-
pared with its counter -structure because a similar
tendency was observed in a previous study [27]. In the
CID spectrum of 3,2,5X1 ion and an unusual fragment
ion with m/z 187 were observed as characteristic ions.
The former ion is a result of Fuc ring rupture, which is
rarely observed in low-energy CID of oligosaccharides,
especially when located at a non-reducing end sugar.
Compound 4 produced 0,2A2 ion associated with
rupture of Gal glycoside in addition to Y1, B2, and C1
ions. Only Y1 and
0,2A2 ions were observed for 6. The
spectra of 6 and 6 were complex where ions that
resulted from Gal ring rupture such as m/z 229 (0,4A2),
m/z 259 (0,3A2), and m/z 289 (
0,2A2) were observed.
Among these ions, the 0,4A2 ion contains Fuc with
C5–C6 of Gal, and thus reflects the structure of a Fuc-6X
linkage. The 0,3A2 ion was not observed for the latter
compound.
It was observed that compounds closely related
structurally consisting of anomers and linkage isomers
could be distinguished by CID spectra when multiple
ions were obtained. This indicates that the spectral
differences often observed for isomeric natural oligo-
saccharides are not just a coincidence, and also supports
the usefulness of methods based on spectral matching
[11–17]. A problem, however, is that this is true only
when a sufficient number of distinct signals were col-
lected for the comparison. For example, in our case, half
of the compounds were not distinguishable.
ERMS Analysis
Energy-resolved mass spectrometry (ERMS) has been
used to investigate the structures of ions and non-
covalently associated ions [31–40]. We have analyzed
isomeric oligosaccharides based on ERMS and shown
that (1) the primary glycosidic linkage is more stable
than the secondary glycoside linkage; and (2) -glyco-
sides are more labile than -glycosides, through inves-
tigation of malto (1¡4)-, isomalto (1¡6)-, and cello
(1¡4)-oligosaccharide [26] and trisaccharide libraries
with the /-Fuc-(1¡6)-/-Gal-(1¡6)-/-Glc-octyl
sequence [27]. It is important to confirm the generality
of these tendencies and at the same time to accumulate
such data regarding the structure-related characteristics
for future development of methods to identify novel
glycoconjugates. To attain these objectives, we analyzed
the ERMS data of the series of Fuc-Gal disaccharides.
ERMS obtained for 16 sodiated isomeric compounds
are presented in Figure 2. It is evident that product
ion(s) were gradually formed as the signal intensity of
parent ions decreased with increased voltage for thesupplementary dipolar rf applied on end-cap elec-
trodes. The data shown earlier are the intensities of
product ions obtained at a voltage where the individual
precursor ions reached zero intensity. As indicated in
the ERMS of the isomeric compounds, these spectra
provide information related to the energy required for
the dissociation and generation of ions in addition to
information on the mass-to-charge ratios. We were
interested to determine whether we could find any
further differences from the standard MS/MS shown
earlier, and whether we could differentiate previously
undistinguishable compounds. Furthermore, we hoped
that we might be able to extract information regarding
anomeric configurations and/or linkage positions. For
this purpose, the decay curves of precursor ions were
selected and plotted together according either to each
anomeric configuration (shown on right-hand side for
/, /, /, and / from top to bottom) or to each
linkage position (shown at bottom for 1¡2, 1¡3, 1¡4,
and 1¡6 from left to right).
At first, we focused on the ERMS of those that
resulted in the production of a single ion (m/z 315) in
standard CID experiments, that is, spectra for 2, 2,
2, 3, 4, 4, and 6. It seemed that some could
be distinguished by visual inspection. For example, the
decay curve of the precursor and generation curve for
the product ion for each ERMS cross at different ampli-
tudes of end-cap voltage in 2, 2, and 2, where
the apparent order was 2 2 2. This suggests
that ERMS can be used for the identification of oligo-
saccharides more effectively than standard MS/MS
spectra. Although it is possible to discuss the differ-
ences in all the spectra where only a single ion was
observed in the same manner, we will stop here and
discuss it later.
To look into the spectral differences in a more system-
atic manner, let us analyze each linkage series. For this
type of comparison to be made for any ERMS regardless
of the number of product ions, only decay curves were
used. Because the generation of individual fragment ions
is related to the activation energy of the corresponding
precursor ions, it may be possible to find correlation
between the curve and subtle differences in the structures
under comparison. The individual series of graphs (bot-
tom left four of Figure 2) for each linkage series are quite
dramatic, where it was shown that ions with an -Fuc
residue tended to dissociate at lower energy in all cases. It
was observed that the dissociation curves of compounds
with /- and /-configurations were reversed in 1¡3
linked disaccharides. The reactivity of a series of com-
pounds is dependent on an anomeric configuration re-
gardless of the linkage position, and the order is / 
/  /  / (Fuc/Gal). The observed tendency
coincides with previous results obtained for the fucosyl
and galactosyl cleavages in a series of trisaccharides. Thus,
it is considered that the phenomenon is a general event in
cases in which the orientations of 2-OH and anomeric
configuration are fixed. Furthermore, it was found that
-glycosides (1,2-cis-axial) were more labile than -glyco-
ots w
3 (d
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-anomers are thermodynamically more stable than
-anomers [41–43], which is inconsistent with our obser-
vation in the low-energy CID process. Extensive theoret-
ical calculations are under way to explain the phenomena.
Next, we focused on the anomer series (top four
graphs on right side of Figure 2). The order of lability of
linkage isomers in each anomer series were 4  2 3
6, 4  2  3  6, 3  4  2  6, and 4  2  3  6, for
/, /, /, and / (Fuc/Gal), respectively. The
order was not identical but it is obvious that secondary
glycosides of Fuc-Gal were more reactive than primary
(6-linked) disaccharides. These results again supported
the above-described phenomena observed previously;
however, it is not easy to explain in connection with the
well-accepted reactivity of glycosidic linkages. Similar
phenomena have been reported as well [20–23, 26, 27],
which suggests this is a common feature in the CID
process and could be explained by the diffusion of
given kinetic energy and further higher conversion into
heat in primary glycosides because of the flexibility and
Figure 2. The ERMS of a set of compounds con
and glycosidic linkage positions. Individual pl
using the Bolzmann function [Eq 2 (growth), Eqexistence of more rotamers in the structure [20].A graph containing all of the preceding decay curves is
shown at the bottom right corner of Figure 2. One of our
initial aims was to distinguish these isomers from each
other. As is obvious from the graph, all 16 isomeric
structures can be distinguished, although the adjacent
energy-resolved curves (ERCs) are quite close to each
other. Among them, 2- and 4-linked and 3- and 6-linked
compounds in / (Fuc/Gal) series are difficult to distin-
guish. These compounds each gave rise to a single prod-
uct ion. Thus, distinguishing them is still difficult based on
visual inspection of ERMS. As a result, three of seven
compounds that resulted in the formation of a single
product ion were further distinguished according to
ERMS analysis.
Scatterplot Analysis of Parameters Obtained
from ERCs
As explained earlier, discrimination can still be difficult
despite the power of ERMS. To address this issue, we
of all combinations of anomeric configurations
ere subjected to nonlinear regression analysis
ecay)].sistedfurther examined the scatterplot analysis of two param-
n.
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individual ERCs after nonlinear regression analysis of
the decay curves using the Boltzmann sigmoidal func-
tion (Figure 3). Unlike visual inspection carried out
earlier, this scatterplot analysis can be made quantita-
tively. According to the plot shown in Figure 3, the
parameters obtained for the dissociation for all com-
pounds were resolved. Let us focus on problematic
ERCs found previously, that is, 2- and 4-linked com-
pounds in the / (Fuc/Gal) series. These parameters
were rather close to each other, although it might be
possible to distinguish them based on the b values
where b  1.078, SE  0.00049 and b  1.073, SE 
0.00067 for -Fuc-(1¡2)--Gal and -Fuc-(1¡4)--Gal,
respectively. The parameters for the 3- and 6-linked
compounds in the / (Fuc/Gal) series were b  1.141,
SE  0.00100 and b  1.153, SE  0.00167, and c 
0.0586, SE 0.00088 and for c 0.0637, SE 0.00147 for
-Fuc-(1¡3)--Gal and -Fuc-(1¡6)--Gal, respec-
tively. Thus, it was possible to distinguish structurally
related compounds, which could not be distinguished
by other methods. Also, it is clear from the scatterplot
that all 16 related compounds have distinguishable
dissociation energies. There seems to exist a correlation
between b and c values, but we do not have a conclusive
explanation for this. Regardless of an emerging issue, it
was shown that the scatterplot analysis of ERMS was a
powerful technique to distinguish isomeric compounds.
This may be effectively used in discriminating com-
pounds or ions generated under CID conditions.
Conclusion
The diverse glycans form even more complex glycocon-
jugates such as glycoproteins, proteoglycans, and gly-
colipids in living systems. For the analysis of these
structures, mass spectrometry-based methods are nec-
Figure 3. A scatterplot of two parameters, b an
coordinated by colors and symbols as shown. S
analysis of each sigmoidal decay curve are showessary. The diversity of glycan structure is created bythe existence of anomers, linkage isomers, and branch-
ing. Although it is known there are differences in
fragment patterns among isomeric structures, the dis-
crimination and identification depend on a standard
compound whose structure is known. The use of a
“known compound” as a reference material is problem-
atic in the analysis of a “novel glycan” because of the
lack of a reference. To overcome this problem, funda-
mental research is vital to understand the general
characteristics hidden inside the glycan structure.
Therefore, we carried out the ERMS analysis of a small
library of compounds as an information source. As a
result, it was found that analysis of ERCs of the precur-
sor ions alone surpasses the analysis based on tradi-
tional MS/MS. It is believed this is especially useful for
structural identification methods that refer to a data-
base. ERMS also contains m/z values and signal inten-
sity, and thus provides extremely rich structural infor-
mation that enabled the discrimination of 16 isomeric
compounds. Accumulation of this type of information
may lead to the development of a new method for the
structural elucidation of glycoconjugates. We propose
obtaining curve parameters of ERMS from various
compounds recorded on different mass spectrometers,
which may be very useful in finding generalities and
differences of data. We hope that these data will be used
to find a way to correct data obtained from different
spectrometers. With such a method, the CID data can be
interconverted to be compared.[7]
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